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Abstract
An alkaline brine containing uranyl (UO22+) leaked to the thick unsaturated zone at the Hanford Site. We examined samples
from this zone at microscopic scale to determine the mode of uranium occurrence—microprecipitates of uranyl (UO22+) silicate
within lithic-clast microfractures—and constructed a conceptual model for its emplacement, which we tested using a model of reactive diﬀusion at that scale. The study was driven by the need to understand the heterogeneous distribution of uranium and the
chemical processes that controlled it. X-ray and electron microprobe imaging showed that the uranium was associated with a
minority of clasts, speciﬁcally granitic clasts occupying less than four percent of the sediment volume. XANES analysis at micron
resolution showed the uranium to be hexavalent. The uranium was precipitated in microfractures as radiating clusters of uranyl
silicates, and sorbed uranium was not observed on other surfaces. Compositional determinations of the 1–3 lm precipitates were
diﬃcult, but indicated a uranyl silicate. These observations suggested that uranyl was removed from pore waters by diﬀusion
and precipitation in microfractures, where dissolved silica within the granite-equilibrated solution would cause supersaturation with
respect to sodium boltwoodite. This hypothesis was tested using a reactive diﬀusion model operating at microscale. Conditions
favoring precipitation were simulated to be transient, and driven by the compositional contrast between pore and fracture space.
Pore–space conditions, including alkaline pH, were eventually imposed on the microfracture environment. However, conditions
favoring precipitation were prolonged within the microfracture by reaction at the silicate mineral surface to buﬀer pH in a solubility
limiting acidic state, and to replenish dissolved silica. During this time, uranyl was additionally removed to the fracture space by
diﬀusion from pore space. Uranyl is eﬀectively immobilized within the microfracture environment within the presently unsaturated
Vadose Zone.
 2006 Elsevier Inc. All rights reserved.

1. Introduction
Uranium is the most abundant radioactive component
of the hazardous byproducts of nuclear weapons production at U.S. Department of Energy sites (Riley and
Zachara, 1992), and is widespread as an environmental pollutant that originated from mining, milling, and isotopic
enrichment activities (Abdelouas et al., 1999). Within the
plutonium-production facilities at the U.S. Department
*
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of Energy’s Hanford Site, radioactive liquid byproducts
were stored in large buried tanks, constructed in clusters,
or ‘tank farms.’ The BX tank farm, in the central plateau
of the site, was constructed from 1946 to 1947, and was
used to store and separate solid waste sludges and liquids
(Williams, 1999). While ‘cascading’ sludges tank-to-tank
in 1951, an inter-tank pipeline ruptured, and about
350,000 L of waste were released to ground, including more
than 7000 kg of uranium in an alkaline matrix of sodium
carbonate, nitrate, phosphate, and sulfate (Jones et al.,
2001). Beneath the tank farm, a groundwater contaminant
plume, 250 m wide and 900 m long (Dresel et al., 2002), has
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been shown by isotopic uranium analysis to originate from
the 1951 leak (Christensen et al., 2004).
The contaminated Vadose Zone has been studied intensively in recent years, particularly with respect to its retention of uranium. Most recently, a representative set of
contaminated sediments was collected by drilling and coring (Serne et al., 2002). The work described here was an element of those investigations, although it diﬀered from them
with regard to the scale at which the sediments were was
examined; the other studies approached the problem
through experimentation with bulk core samples to deduce
and model processes that aﬀected uranium occurrence or
mobility.
Within the other studies of core samples, characterization provided information concerning the vertical distribution of waste components in the sampling transect, and
showed that the Vadose Zone retained and was impacted
by the waste as it drained to the water table (Serne et al.,
2002). Spectroscopic and X-ray diﬀraction studies of the
bulk sediments showed that the uranium was hexavalent,
and that the uranyl-bearing mineral was a silicate, likely
sodium boltwoodite (Catalano et al., 2004). A study of
the sediments to determine the kinetics of uranium removal
by dissolution relied in part on the microscale observations
of uranium mineralization reported here (Liu et al., 2004).
That study used electrolytes of diﬀering composition, and
tracked the aqueous uranyl concentration resulting from
leaching in suspension. The leach solutions were calculated
to reach thermodynamic equilibrium with respect to solid
sodium boltwoodite. A dissolution–diﬀusion model was
constructed to describe the evolution of uranyl from its
occurrence in microfractures to its mineral-saturation maximum in pore solutions, i.e., the model simulated the
removal of uranium from a constrained physical environment. The study described here was complimentary to that
work, in that we determined the mode of uranium occurrence, estimated the composition of its solid-phase and
aqueous-phase environments, and constructed and tested
a reactive diﬀusion model for its emplacement in
microfractures.
The behavior of mobile UO22+ in contaminated environments is controlled by natural chemical processes. In
solution above pH 5, the uranyl ion hydrolyzes, forming
aqueous hydroxide complexes and polymers of uranyl
hydroxide (Baes and Mesmer, 1976; Grenthe, 1992;
Finch and Murakami, 1999). The hydroxy complexes
are relatively weak, and in most groundwaters uranyl occurs in stronger complexes with dissolved carbonate
(Langmuir, 1978). Uranyl hydroxides may precipitate
where the more soluble complexes are absent; otherwise
uranyl carbonates (or sulfates) precipitate from the uranyl-complexant solution, or, where dissolved silica or
phosphate are available, the relatively insoluble silicate
or phosphate minerals precipitate. Mineral precipitation
is thus aﬀected strongly by evolving groundwater composition (Garrels and Christ, 1959). In undersaturated
solutions, sorption may inﬂuence mobility. The uranyl

ion has been shown to interact strongly with common
and abundant mineral components in natural systems,
including metal oxides, aluminosilicates, and carbonates
(Maya, 1982; Mikami et al., 1983; Hsi and Langmuir,
1985; Idiz et al., 1986; Lieser et al., 1992; Barnes and
Cochran, 1993; Zachara and McKinley, 1993; Morris
et al., 1994; McKinley et al., 1995; Prikryl et al., 2001).
Generally, uranyl is complexed by negative ﬁxed-charge
or amphoteric sites on mineral surfaces. Aqueous complexation reactions, such as those with carbonate or sulfate species, compete with surfaces for dissolved uranyl,
and may limit the extent of the sorption reaction.
The retardation and immobilization of uranium in a
reactive mobile system is thus a function of the interplay
between oxidation–reduction, sorption, and precipitation,
aﬀected by reactants and reactions along its ﬂowpath.
We expected the advected uranyl in the migrating contaminant plume to interact with solid surfaces either
through sorption or precipitation, and speciﬁcally looked
for uranium in sorbed and precipitated forms. Previous
work (Catalano et al., 2004; Liu et al., 2004) suggested
that the contaminant uranium was emplaced as uranyl
in a process that limited the rate at which it could be
extracted by interaction between the bulk sediment and
migrating solutions. That process was analogous to reactions occurring along a ﬂowpath, but it apparently operated at microscale; it was investigated, as described here,
by the microscale characterization of the solid uranium
phase and its location, and by modelling its microscale
emplacement processes.
2. Experimental methods
2.1. Sample acquisition
A borehole was constructed to intersect the contaminant plume beneath the BX tank farm, using a method
in which well casing, the ‘‘drive barrel,’’ was advanced
by driving it from above using a dropped weight. This
method had the beneﬁt of not requiring drilling ﬂuids
that could potentially alter or contaminate the penetrated
sediments. To reach a depth of 80 m below ground surface (bgs; 2.3 m below the water table), the borehole was
installed in three stages in which the drive barrel diameter was decreased with depth, to form a nested or telescoped sequence of borehole diameters. The drive
barrel transition depths were determined by the formation’s resistance to penetration. Thirty-ﬁve split spoon
samples were collected at intervals of approximately
3 m by driving the split spoon sampler ahead of the casing into undisturbed sediment. (The ‘‘split spoon’’ is a
steel cylinder, split into lengthwise halves and ﬁtted with
a hardened collar at its leading edge.) Stainless steel split
spoon liners were removed from the samplers at the
ground surface, sealed in plastic and transported to the
laboratory at 4 C. (The investigated plume originated
from a tank within the BX tank farm, which was desig-
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nated 241-BX-102. The borehole was located 21 m from
this tank, and was designated Well 299-E33-45.)
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er (ASTM, 1988). Acidity was measured on the unﬁltered 1:1 aliqout, using a buﬀer calibrated pH
electrode and meter.

2.2. Bulk sediment analysis
2.3. X-ray microprobe analysis
Whole sediments removed from split spoon liners were
characterized according to their lithologic properties, and
were processed to determine selected compositional qualities. Visual estimates of grain-size distributions were tabulated for the construction of a lithologic/stratigraphic
column for representational purposes. Moisture contents
were determined gravimetrically (ASTM, 1998). A
15–70 g subsample was placed in a tared container,
weighed, and dried at 105 C to constant weight. The water
content was calculated as the percentage change in weight.
For other testing, sediment subsamples were removed in
the laboratory and sieved to provide a uniform <2 mm size
fraction.
Gamma energy analysis (GEA) was used to quantify
bulk uranium concentrations. Field-moist samples were
counted in 150 cm3 containers on 60% eﬃcient Ge gamma detectors, eﬃciency-calibrated using NIST-traceable
standards. Spectral analysis was against spectral libraries, and control samples were used for quality
control.
The sediments were too dry to eﬀectively extract pore
waters, so a 1:1 extraction using deionized water was
used to provide analyte for wet-chemical measurements
(Rhoades, 1996). Water equivalent in weight to the dry
mass of 60–80 g samples was added to the ﬁeld-moist
samples in screw-top jars, which were sealed and place
on an orbital shaker for 1 h. The samples were allowed
to settle, decanted, and separated into an unﬁltered aliquot for pH, and a ﬁltered (0.45 lm) aliquot for cation,
anion, and carbon analyses. Analytical results were corrected to the undiluted pore water composition by
assuming that only dilution acted during the extraction
process. A small subset of duplicate samples were ultracentrifuged at several thousand g, for 8 h, to express
pore water, which was analyzed for compositional
parameters, including pH, inorganic carbon, cations,
and anions. Results from the limited number of direct
pore water measurements (not shown) were diﬀerent
from the extracted and calculated compositions, due to
reaction between the sediment and the deionized water.
The inﬂuence of cation exchange and carbonate solubility on laboratory leachate compositions has been discussed elsewhere in some detail (McKinley et al., 2005).
The extractions provided a good estimate of the relative
impact of waste solutions on the Vadose Zone and of the
spatial distributions of waste components.
Dissolved cation concentrations were determined
using inductively coupled plasma, optical emission or
mass spectrometer instruments, with appropriate dilutions (EPA, 2000a,b). Anion concentrations were determined using ion chromatography (not shown).
Inorganic carbon was determined using a carbon analyz-

Sediment subsamples were imbedded in epoxy, wafered
using a diamond saw, and prepared as 100 lm thin sections
on fused quartz slides. Measurements were made at the Argonne National Laboratory Advanced Photon Source on
the Paciﬁc Northwest Consortium Collaborative Access
Team (PNC-CAT) beamline (Heald et al., 1999). The primary X-ray beam was focused using Kirkpatrick-Baez mirrors to a 6–7 lm diameter on the sample surface. The
sample was oriented in a precision-translation stage at
45 to the X-ray beam, and the detectors were oriented normal to the beam. Uranium maps were obtained by monitoring the U Ma ﬂuorescence line using a wavelength
dispersive detector. For use in registration with scanning
electron microscope (SEM) images, other elements were
monitored also using an energy dispersive detector (not
shown). The detection limit was approximately 1 lg g1
for all elements, equivalent to approximately 109 atoms
within the beam ‘‘spot.’’ Fluorescence X-ray intensities
were normalized to the ion chamber current generated by
the primary X-ray beam at a ﬂux of about 5 · 1011 ph s1.
SEM and X-ray microprobe (XMP) images were superimposed using Adobe PhotoShop.
X-ray absorption spectra were collected using a defocused beam with averaged multiple collections for bulk
samples, and, for individual analyses, with a focused beam,
from U-containing regions of the thin section after the spatial distribution of U had been mapped; the incident energy
was varied while monitoring the X-ray ﬂuorescence. A
Si(1 1 1) double crystal monochromator was used with an
energy resolution (DE/E) of about 1.4 · 104. Powdered
rutherfordine (UO2CO3) was used to calibrate the beam
energy.
2.4. Electron microscopy
Thin sections were carbon coated and examined using a
JEOL model 6340f SEM, and images were collected using a
backscattered electron detector. The surfaces of microfractures were examined also in this manner.
The composition of free-standing uranium mineral
grains that were more than 2 lm across was determined
using energy-dispersive X-ray spectroscopy (EDS). The
analysis of small particles was complicated by the unknown geometry of the analyte solid (Goldstein et al.,
1992). For thin and irregular bodies, the X-ray generation
volume was not deﬁned, inter-element corrections were
diﬃcult, and electrons could penetrate the boundary between the target material and its substrate, causing an
inaccurate calculation of the characteristic X-ray yield
and inter-element X-ray interactions. To aid in evaluating
the eﬀects of crystal size and morphology on analytical re-
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sults, the analyte volume for uranium silicate materials in
perfect geometry was estimated using an electron ﬂight
simulation method (Chernov, 2000). Assuming a hypothetical solid composition of USiO5 and an accelerating
potential of 20 keV for the electron beam, the X-ray generating volume was approximately 0.8 lm in diameter,
projected onto the sample surface, to a depth of approximately 0.6 lm. The X-ray emission from this volume was
a function of depth, with the detectable X-ray intensity
dropping from its maximum near the sample surface to
approximately 10% of that maximum at a depth of
0.5 lm. The calculations indicated that the substrate minerals would contribute signiﬁcant compositional information during the analysis of uranium particles of imperfect
geometry less than 1 lm thick.
EDS spectra were collected using a primary beam energy
of 20 keV and processed using a ZAF data reduction routine (Oxford Instruments ISIS), which corrected and quantitated characteristic X-ray yields against commercially
available mineral standards (CM Taylor standards; compositional details are available at http://2spi.com). The speciﬁc standards were, for U, UO2; C, graphite; Na, NaCl;
Mg, MgO; Al, Al2O3; Si, SiO2; Ca and P, CaPO4; Fe and
S, FeS2; K, KCl; Ti, TiO2; Mn, Mn. C was not found after
many analyses, so it was eliminated from the standards table for data reduction purposes. Before compiling results,
obviously erroneous analyses were discarded, i.e., analyses
for which U was found to be too low to represent a uranium silicate or oxide. Oxygen in the presence of uranium
presented analytical problems related to the uncertainty
in the absorption of characteristic oxygen X-rays and the
diﬀerences in eﬀective X-ray generation depth for the two
elements (Heinrich, 1981). Oxygen was therefore calculated
from cation equivalents.
Compositional analysis of feldspars adjacent to
uranium minerals was done using a JEOL 8200 electron
microprobe (EMP). The electron beam was set at an
accelerating potential of 20 keV and a current of 20 nA.
Quantitation was against a plagioclase feldspar of composition An65 for Si, O, Al, and Ca, and against albite for
Na (again, compositional details are available at http://
2spi.com).
Fracture areas including uranyl silicates were prepared
for transmission electron microscopy (TEM) using an
FEI 200TEM focused ion beam system. The fracture surface, exposed on a polished thin section, was stabilized
through the FIB deposition of a Pt layer. A ca.
2 · 20 lm pillar of material was milled free from the bulk
using the focused Ga ion beam. The pillar was lifted and
Pt-welded onto a Cu-ring TEM half grid. Once secured
to the TEM grid, the Pt-supported fracture face and fracture ﬁll material were milled to a slab of uniform ca.
200 nm thickness for subsequent TEM analysis. For
imaging, EDS, and selected-area electron diﬀraction
(SAED) analysis, we used an FEI Tecnai F30 TEM, operating at 300 keV and equipped with a Gatan Imaging Filter
(GIF). This methodology has been described in more detail

elsewhere (Prenitzer et al., 1998; Heaney et al., 2001;
Lomness et al., 2001).
2.5. Diﬀusive transport modelling
The diﬀusive transport model was constructed as described below using FORTRAN77. The diﬀusion calculations were iterative, and, on each iteration, were coupled
to the geochemical modelling code GMIN (Felmy, 1995),
which used a constrained minimization of the Gibbs free
energy to speciate aqueous components. Although the
waste was released at 60–80 C, the temperature at the
reaction depth was unknown. Calculations were performed
at 25 C, a limitation of the speciation code. The eﬀects of
temperature on reaction rate and equilibrium were unknown, likely to be signiﬁcant, and within the range of
overall uncertainties of the modelling approach.
3. Results
3.1. Drilling and sampling results
The subsurface in the vicinity of Tank BX-102 was occupied by the Pleistocene sands and gravels of the Hanford
formation, unconsolidated ﬂuvial deposits containing lithic
clasts of maﬁc, granitic, and metamorphic origin (Bjornstad, 1990). The sediment proﬁle (Fig. 1), included intervals
of predominantly sand and gravel, interrupted by relatively
thin silty zones. Fifty years after the spill, the uranium was
concentrated primarily within two zones, centered at about
25 m and 40 m bgs, in sandy sediments, at depths intermediate above the water table (77.7 m bgs). The sediment column had drained suﬃciently to re-establish natural
moisture contents of approximately 3 wt%. The sediment
pH was modiﬁed within the zone impacted by tank waste,
about 23–44 m bgs, from circumneutral to a relatively alkaline pH of 9. Major solute cations and anions, represented
in Fig. 1 by Na+, were chromatographically separated from
uranium in the sediment column, with concentration highs
occurring at a depth of approximately 49 m bgs, but bicarbonate (not shown) was more broadly distributed, and
showed a maximum concentration higher in the proﬁle,
at 37 m bgs.
3.2. X-ray microprobe analysis
The combined XMP and SEM examination provided
sensitive detection for uranium, while maintaining high
optical resolution for phase identiﬁcation. Uranium was
within the interiors of sediment clasts (Fig. 2), but was
associated with a restricted number of clasts within the sediment as a whole. XANES analysis of bulk sediments and
of areas at the scale of the focused X-ray beam (Fig. 3)
indicated that only U(VI) was present. This result complimented the previous study on whole sediments (Catalano
et al., 2004), by showing that U(VI) had not been partially
reduced at the microscale.

Microscale controls on uranium in the vadose zone, Hanford
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Fig. 1. Stratigraphy, moisture, pH, and selected extractable ion concentrations for sediments impacted by a spill of uranium-contaminated waste.

Fig. 2. Granitic sediment clast in SEM backscattered electron image and with partially transparent XMP grayscale overlay. The grayscale spectrum
indicated the greatest abundance of uranium in lighter shades. Uranium inclusions were most common in granitic clasts.

3.3. Electron microscopy
To determine the distribution and phase(s) of residence
for uranium within the contaminant plume, we examined
samples from locations with the highest uranium concentration, at depths 35.7, 39.5, and 42.5 m (Fig. 1). Precipitated uranyl silicates occurred in clast voids and
microfractures, predominantly within granitic clasts (which
comprised less than 4% of the total sediment (Bjornstad,
1990)), composed of potassium feldspar, plagioclase, and

quartz. In addition, within granitic clasts, it was noted that
the uranium was preferentially associated with the plagioclase feldspar mineral component (Fig. 4). The precipitates
were minute, generally 1–3 lm across, with bladed habit in
fractures up to a few micrometers across. Precipitates that
appeared to be at the surfaces of silicate clasts in the relatively low-resolution XMP results (Fig. 2; the X-ray beam
was focused to a diameter of 7–10 lm) were, in fact,
associated with microfractures near the clast surfaces,
and were not observed to be exposed to interclast pore
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Fig. 3. XANES spectra. All spectra from bulk measurements and from
spot measurement for samples collected at 39.5 and 42.5 m bgs originate
from U(VI). Notations for U(VI): rutherfordine, UO2CO3; U(IV): UO2,
which plots to the left of other spectra.

space. Inspection of XMP and SEM images together
produced no evidence of sorbed uranium, i.e., all detected
uranium could be ascribed to a solid uranium phase.
To examine the distribution of U within single fractures,
granitic clasts were isolated based on surface texture and
color, and crushed just until broken. The clasts tended to
break along planes of weakness, i.e., along the microfractures, and the surfaces revealed the distribution of precipitates within single fractures (Fig. 5). Uranium silicates were
widely disseminated across a given fracture face, occurring
as ﬁne acicular crystals, in radiating sprays and often
deﬁning mineral ﬂorets.
We collected EDS spectra from the thickest uranium
mineral clusters. As discussed above, we assumed that the
small crystals and crystal clusters we analyzed would allow
penetration by the electron beam. The penetrating electrons would necessarily stimulate characteristic X-radiation from surrounding minerals and provide a composite
signal to the spectrometer. The set of normalized analyses
was screened to eliminate compositions that included too
little uranium; many of the uranium-bearing crystals were
translucent to the electron beam (note the shading in some
ﬂorets in Fig. 5), and UO3 concentrations of less than
35 wt% were considered to include too large an exogenous
component. For the remaining analyses, it was diﬃcult to
determine the proportions of X-rays from the uranyl analyte and from the substrate. As an ad hoc screen, the mean
and standard deviation of compositional results for each
measured element were calculated, and elements whose
1r standard deviation was greater than one half the mean
were considered to originate predominantly from outside
the uranyl analyte. The rationale for this procedure was
that the uranyl mineral components would be present at
constant ratios (for a single uranyl phase), but the substrate
components would likely vary in excited volume, and supply more variable characteristic X-ray ﬂuxes over the set of

analytical results. The elements Mg, P, S, Ca, Ti, Mn, and
Fe were eliminated by this process. The remaining elemental components (Na, K, Si, and U) were considered to comprise the uranyl mineral. The normalized wt% composition
from this process, and the standard deviations of the set of
elemental determinations, are presented in Table 1.
The removal and TEM examination of intact uranyl silicate crystallites within a microfracture from the area
shown in Fig. 4C showed the crystallite morphology and
crystal habit in more detail (Fig. 6). The uranyl silicate
blades occupying the fracture space were of variable electron transparency. At high magniﬁcation (Fig. 6, inset),
the blades were observed to consist of nanocrystalline
material, with crystalline domains of ca. 10 nm or less,
showing a consistent minimum d-spacing of approximately
0.32 nm in electron lattice images. This spacing was less
than the spacing of approximately 0.68 nm that Catalano
used to determine the probable presence of sodium boltwoodite in these sediments (Catalano et al., 2004). Electron
diﬀraction (not shown) produced two broad, indistinct diffraction rings that were not useful in mineral identiﬁcation.
Also, EDS analysis (not shown) indicated that the fractureﬁll material was of variable composition, including uranium, silicon, oxygen, and the elemental components K,
Ca, and Na. The mineralogy of the fracture-ﬁlling uranyl
silicates apparently varied according to the availability of
these elements during precipitation, resulting in nm-scale
domains of uranophane-group minerals.
Plagioclase feldspars shown in Fig. 4 had uniform compositions, within EMP counting statistics. Plagioclase feldspars have continuous compositional variations between
end-member albite, NaAlSi3O8 (Ab), and anorthite, CaAl2Si2O8 (An), and compositions may be expressed as subscript percentages of their albite (Ab) component. The
series is also arbitrarily divided and named according to
its composition within six divisions (Mason and Berry,
1968). The plagioclase shown in Fig. 4 was Ab77,
oligoclase.
4. Discussion
The results of chemical extractions from core samples
suggested that chemical reactions within the sediment column, between dissolved uranyl and the enclosing sediments, removed uranyl from solution as the waste plume
migrated to depth; the uranium was partially separated
from solute ions, such as sodium (Fig. 1), that moved with
little retardation. Also, bicarbonate concentrations (not
shown) were higher than those in uncontaminated sediment, but did not closely parallel changes in uranium concentration over the same depths, suggesting that the
removal of uranyl from solution was not accompanied by
the removal of carbonate.
The compositional analysis of uranyl minerals (Table 1)
was intended to provide a more conclusive identiﬁcation of
the uranyl-bearing phase than was produced by the deductive methods of sediment leaching studies (Liu et al., 2004).

Microscale controls on uranium in the vadose zone, Hanford
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Fig. 4. Backscattered electron images of uranyl silicate within microfractures of a single granitic clast, in thin section. (A) Photomosaic of full clast, (B–D)
uranyl silicate precipitates in fractures progressively further from the clast surface. Q, quartz; P, plagioclase; K, potassium feldspar; and T, titanomagnetite.
Successive images show details of the uranyl silicate habit. The ﬁne uranyl silicate crystals occupy microfractures, and are associated with plagioclase.

In those experiments, the model-speciﬁc solid (sodium boltwoodite) was chosen after evaluating the leachate concentrations against a set of mineral solubilities. The
spectroscopic/X-ray diﬀraction results from these same
sediment samples (Catalano et al., 2004) were more constraining, but also could not be considered to be deﬁnitive,
because identiﬁcation of uranyl silicate phases by EXAFS
analysis is diﬃcult due to similarities in X-ray spectra, multiple scattering, and spectral interferences (Catalano and
Brown, 2004). The identiﬁcation of sodium boltwoodite
(Catalano et al., 2002) relied in part on X-ray microdiﬀraction from uranium-rich areas in the samples, with results
that were diﬃcult to interpret. Our results on the
fracture-ﬁlling precipitates provided information that
complimented the spectrographic results, but, as noted

above, were similarly limited by the uranyl mineral’s grain
size.
The XANES spectra (Fig. 3) indicated that the fractureﬁll mineral included only U(VI). The compositional analysis (Table 1) indicated that it was a uranyl silicate, the most
abundant group of uranyl minerals in nature. Of the uranyl
silicates, the most common is b-uranophane, Ca(UO2)2
(SiO3OH)2(H2O)5, a member, like boltwoodite, of the
uranophane group, all of which have a Si:U of 1:1. At ﬁrst
glance, the compositional analysis of the fracture-ﬁll mineral presented in Table 1 (column in bold) was not consistent
with a Si:U of 1:1, but was closer to a Si:U of 4:1 (mole calculations are presented in Table 1, with other elements proportioned to U arbitrarily set to 1). The solubility of silica
is pH-dependent, and silica polymerizes at alkaline pH as
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results for KNa3(UO2)2(Si4O10)2(H2O)4 (Table 1), this
comparison was deceptive, and further evaluation suggested that it was not accurate.
The synthesis of the 4:1 uranyl silicates was done under
hydrothermal conditions (Plesko et al., 1992; Burns et al.,
2000; Li and Burns, 2001), i.e., in pressure vessels at temperatures greater than 100 C, in the presence of glasses
or through the stoichiometric combination of aqueous
components. In a study of mineral precipitates in a granitic
uranium mine, which may be more analogous to the precipitates studied here, spanning acid to alkaline conditions,
uranyl silicates with a Si:U of 4:1 were not observed (Allard
et al., 1999). Also, aluminum-bearing uranyl silicate
minerals are not known (Finch and Murakami, 1999),
but the analysis of the fracture-ﬁll uranyl silicates (Table
1) indicated Al2O3 of 10.3 wt%. For comparison, the
analysis for the phase KNa3(UO2)2(Si4O10)2(H2O)4, synthesized by hydrothermal reaction of alumina-bearing
borosilicate glass, included aluminum substituted for
silicon at less than one weight percent Al2O3 (Table 1).
The alumina in our result was not part of the uranyl silicate. As discussed above, our result included contributions
from substrate plagioclase feldspar, accessed by penetration through the uranyl silicates by the electron beam. If
we ruled out the formation of a previously unknown aluminum-bearing uranyl silicate phase, we could conclude that
the alumina in our analysis originated from the substrate,
for which we could assign a nominal formula of NaAlSi3O8. We could therefore correct our analysis for the
contribution of the substrate by subtracting the Al2O3 contribution and three times its molar equivalent from the
SiO2 content, to achieve a composition more representative
of the solid phase. The results of that calculation, also
assigning 3H2O, analogous to sodium boltwoodite, are presented in Table 1 (R wt%), along with the weight percent
equivalent composition calculated from the sodium boltwoodite mineral formula, Na2(UO2)2 (SiO3OH)23H2O.

Fig. 5. Uranyl silicate ﬂorets on the face of a clast broken along a
microfracture. S, secondary smectite and P, plagioclase. Florets are
deﬁned by ﬁne, radiating clusters.

concentration rises (Dent Glasser and Lachowski, 1980), so
alkaline conditions with excess dissolved silica would seem
to favor higher Si:U, and a 4:1 proportion of silicon to
uranium was within the range observed in minerals and
in synthesized compounds. Soddyite, (UO2)2SiO4(H2O)2,
has a ratio (Si/U) of 0.5, and the weeksite group of uranyl
minerals has a structure incorporating silica at a ratio of
2.5 (Finch and Murakami, 1999). Other, less common,
minerals
include
uranosilite,
(UO2)2Si7O15(H2O)n
(0 < n < 1), with a ratio of 3.5 (Walenta, 1974). Investigations of hydrothermal glass alteration and the synthesis
of sodium-uranyl compounds (Plesko et al., 1992; Burns
et al., 2000; Li and Burns, 2001), have resulted in solid
compounds with a ratio of 4, and the EMP-determined
weight-percent composition of the synthesized 4:1
compound KNa3(UO2)2(Si4O10)2(H2O)4 (Burns et al.,
2000) is included in Table 1 for comparison with our
unknown. Although the weight percent data for the
unknown fracture-ﬁll mineral were comparable to the

Table 1
Normalized weight percent compositions, determined by EDS, for fracture-ﬁll uranyl silicate (bold), with standard deviations for eight measurements
Oxide

Na2O
K2O
CaO
UO3
SiO2
Al2O3
H2O

KNAURSIa (wt.%)

8.02
3.17
0.13
41.45
38.37
0.86
8.02

Na-Boltwooditeb (wt.%)

Fracture-ﬁll uranium silicate
c

d

Wt.%

1r

Moles

1r range (mol)

2.0
1.2
0f
48.1
38.5
10.3
—g

0.70
0.49
2.2
7.2
9.6
2.1

0.387
0.167
0
1.0
3.815
1.196

0.25–0.52
0.10–0.23
0.00–3.14
0.85–1.15
2.86–4.77
0.94–1.45

e

R (wt.%)
3.0
1.8

7.45

73.0
15.3

69.21
14.57

6.9

9.00

Also presented are mineral compositions for comparison, and a recalculation of EDS results based on the elimination of a hypothetical feldspar
component.
a
‘‘Potassium sodium uranium silicate,’’ electron microprobe analysis (Burns et al., 2000).
b
Ideal values calculated from mineral formula, Na2(UO2)2(SiO3OH)2 Æ 3H2O.
c
Standard deviation, in wt%, of eight energy dispersive X-ray analyses.
d
Calculated from wt% data, normalized to U = 1.
e
Recalculated, normalized wt% based on removal of Al and three times the equivalent Si from measured values, and assigning 3H2O, see text.
f
Based on SD greater than one-half the mean for eight measurements of Ca (1r/mean was 1.0).
g
H2O could not be estimated in our analyses.
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Fig. 6. TEM images at increasing magniﬁcation of nanocrystalline uranyl
silicate in a microfracture.

The calculated compositions for fracture ﬁll and sodium
boltwoodite were similar. (Note that the original analysis
included a molar ratio for Al:Si that after adjustment
would leave insuﬃcient Si for boltwoodite stoichiometry.
The recalculation therefore included an increase in mean
SiO2 of 0.2 mol, and an equal decrease in Al2O3; both of
these adjustments were well within the 1r standard deviation for those measurements, also given in Table 1.)
Although our results were veiled by the contributions of
the substrate phase, they were consistent with the results
of others (Catalano et al., 2004; Liu et al., 2004), and provided chemical data that constrained the phase identity to a
uranyl silicate that was probably sodium boltwoodite.
The anthropogenic mode of emplacement for uranyl silicates in the sediments at Hanford diﬀered from the mode
of deposition for uranium ore deposits, but in detail, the
two processes had chemical similarities. At Hanford, uranyl was introduced into unsaturated sediments as a pulse,
in a solution that contrasted chemically with the in situ
conditions. In ore deposits that include uranyl minerals,
relatively soluble uranyl precipitated after reaching mineral
saturation along a reactive saturated ﬂowpath. Precipitation in any case occurred microscopically, and ore deposition may have born some similarity to the formation of the
anthropogenic precipitates at Hanford.
The precipitation of ore minerals was constrained by the
local chemical environment (Finch and Murakami, 1999),
as demonstrated by numerous studies of individual uranium mineral deposits, where deposition always represented
the oxidation of U(IV) followed by the precipitation of
uranyl with locally contributed mineral components. The
uranyl minerals precipitated along a reactive, chemically
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evolving ﬂowpath (Lofvendahl, 1981; Korzeb et al., 1997;
Ibrahim et al., 2001). At the microscale, precipitation was
in response to systematic compositional change, and was
thus analogous to the behavior of the reactive waste plume
at the BX tank farm.
The habits of the uranyl silicates we observed were
similar to some mineral deposits. At a deposit in Utah,
where reduction-concentrated U(IV) was oxidized, ‘‘radiating sprays of acicular [boltwoodite] crystals’’ were observed in the zone of secondary oxidation, among
diverse copper sulfates and uranyl carbonates and oxyhydroxides. The mineral boltwoodite was originally discovered in the silicate zone of alteration immediately
surrounding hydrated uraninite (Frondel and Ito, 1956),
with crystals of needle-like morphology within fractures
in downgradiant sandstone. Although this morphology
was similar to the one we observed, it was not unique
amongst the uranyl silicates; soddyite, for example has
been observed in similar form (Korzeb et al., 1997). In
another example, in the secondary uranium deposits in
the Central Eastern Desert, Egypt, precipitation was
facilitated by solute concentration during evaporation
(Osmond et al., 1999), and produced idiomorphic prismatic soddyite and lamellar uranophane on rock surfaces. These natural uranyl silicates provided a chemical
context for the anthropogenic uranyl silicates we studied.
Natural occurrences of uranyl silicates suggested that
they were favored at alkaline pH, where silica was abundant, and could form idiomorphically in void spaces.
These three conditions applied within the studied microfractures in granitic clasts during precipitation.
4.1. Diﬀusion modelling
The morphology, spatial distribution, and association
of uranyl silicates with a restrictive set of minerals
suggested the following conceptual model for its emplacement in granitic clast microfractures. Alkaline, sodiumrich, and silica-poor solutions were introduced into
Hanford formation sediments, and included uranium that
was complexed by abundant dissolved bicarbonate. The
solutions wetted the surfaces of granitic sediment clasts
that were penetrated by pre-existing microfractures
containing solutions in thermodynamic equilibrium with
respect to the clasts’ mineral assemblage of plagioclase
feldspar, potassium feldspar, and quartz. Waste components occupied the microfractures by diﬀusive processes,
and mixed with the silica-rich solutions within them,
causing the saturation and precipitation of uranyl silicate.
The high speciﬁc surface area within the fractures
facilitated the rapid dissolution of feldspars to replenish
dissolved silica, and drove further uranyl precipitation.
Uranyl diﬀusion into the fractures was driven by the
concentration gradient imposed by precipitation.
A computational diﬀusion-reaction model was written
to simulate and evaluate the conceptual model. The
diﬀusion equation for aqueous species was
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oC ai
o
oC a
¼
Di i þ rai ;
ot
ol
ol
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ð1Þ

where C ai and rai are the aqueous concentration (M L1)
and reaction rate (M t1 L1), respectively, for the formation of species i; l is the distance from the pore–fracture
interface; and t is time. Assuming no transport for species
in the solid phase, the mass balance equation was
dC si
¼ rsi ;
dt

ð2Þ

where C si and rsi are the solid concentration (M L3) and
reaction rate (M t1 L2), respectively, normalized to solution volume. Eq. (1) was a simpliﬁcation of a more general
multi-component diﬀusion model: the diﬀusion constant
(Di) for all species was assumed equal, and cross-term
diﬀusivities could be neglected; i.e., Di was constant and
charge balance was assured.
Because diﬀusivity was constant, Eq. (1) could be
summed for all species, with respect to their components,
j, to yield


oT aj
oT aj
o
¼
Dj
ð3Þ
þ ITj;
ot
ol
ol
PN
where T aj ¼ i j aji C ai is the total concentration of component j in solution; aji is the stoichiometric coeﬃcient of
component j in species i; Nj is the number of equilibrium
aqueous species containing component j; and I T j is the
reaction rate for component j.
Within the model, all species and components were assumed to be in local equilibrium, and the equilibrium speciation was calculated using GMIN (Felmy, 1995). The
model ran iteratively. For each time step, Eq. (3) was ﬁrst
solved using activity values and reaction rates derived from
the previous conditions; the aqueous phase speciation was
then re-calculated using GMIN; reaction rates were reevaluated using the updated speciation; and Eq. (3) was
solved again; and the process was repeated until convergence at a global relative error of less than 1 · 105.
The computational model, with conceptual bounds imposed by our observations, required some additional parameterization. The uranyl silicate phase was speciﬁed to be
sodium boltwoodite, with log Ksp = 6.08 ± 0.50 (Liu et al.,
2004). The speciﬁcation of sodium boltwoodite was apparently contradicted by TEM results, but the Ksp value was
determined experimentally, using these same sediments.
The inﬂuence of nanoscale heterogeneity within the fractures
was captured by the experiment. It was also necessary to deﬁne and parameterize the physical and chemical components
of the modelled system: the surface area to volume ratio for
the microfractures; dissolution and precipitation reactions,
and their rates, for the feldspar and sodium boltwoodite;
the composition of the reactive waste solution occupying
the sediment pore space; the composition of the ambient
solution occupying the microfractures; and the important
aqueous components, overall, and their diﬀusivities. The
details of parameterization were as follows.

Simple geometric calculations based on fracture apertures (an hypothetical 0.4 lm fracture aperture bounded
by planar surfaces) provided a surface area:volume of
5 · 105 m1. The diﬀusivity was derived from dissolution
experiments performed with these same sediments (Liu
et al., 2004), and the length-normalized diﬀusivity of all
species was set at D/L2 = 7.2 · 105 s1. Because the model
was length-normalized, its distances were dimensionless,
allowing time-dependent interpretations for fractures of
speciﬁed arbitrary length. The model was divided into 50
computational cells, which were solved sequentially for
all species. Uranyl silicate was observed to be copiously
precipitated on fracture faces (Fig. 4), but occurred in clusters. We concluded that the initiation of mineral precipitation was inhibited near pre-existing crystals. The model
was therefore simpliﬁed by constraining it to allow precipitation within a single model fracture at four randomly
selected points.
The dissolution rates for feldspars were known to be
dependent on chemistry, surface area, and pH (Knaus
and Wolery, 1986; Gautier et al., 1994; Hodson, 1999;
Teng et al., 2001). The dissolution reaction could be
represented


NaAlSi3 O8 þ 2H2 O ¼ Naþ þ AlðOHÞ4 þ 3SiO2ðaqÞ

ð4Þ

We used a rate expression for feldspar that incorporated
pH and aﬃnity (Gautier et al., 1994; Stefansson and
Arnorsson, 2000), with an intrinsic dissolution constant
(Chou and Wollast, 1985), k+, of 3.16 · 1012 mol m2 s1:
r ¼ k þ ð1  expðA=3RT ÞÞ.

ð5Þ

Na-boltwoodite was used as a model for the uranyl
precipitates within microfractures according to:
2

UO2 ðCO3 Þ2 þ Naþ þ H4 SiO4 þ 3OH
¼ NaðUO2 ÞðSiO3 OHÞðH2 OÞ1:5 þ 1:5H2 O þ 2CO32 ð6Þ
The precipitation of sodium boltwoodite was assumed to
follow the inverse of the expression used to describe its dissolution (Liu et al., 2004),


IAP
 1 fUO2 ðCO3 Þ22 g;
ð7Þ
r ¼ k
K sp
where
the
intrinsic
precipitation
constant,
k = 6.37 · 1011, IAP is the ion activity product, Ksp is
the solubility constant, and r is precipitation rate.
Although the overall composition of the waste within
the tank was known (Jones et al., 2001; Serne et al.,
2003b), it included a signiﬁcant solid phase component
and evolved chemically prior to leaking. An experimental
evaluation of simulated tank wastes and their compositional evolution upon neutralization provided a point of comparison for disposed wastes and signiﬁcant solution
components migrating with the waste plume (Table 2).
Overall, however, the experimental result varied little from
the tank inventory. The plume composition within the sediment column was therefore estimated by evaluating the
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Table 2
Estimates of tank-waste compositions, experimentally derived leakedwaste compositions, and pore and fracture solution compositions used for
diﬀusion modelling
Component
2+

UO2
Na+
Ca+
K+
H4SiO4
Al(OH)4
CO32
NO3
PO42
pH
a
b

Solution concentration (M)
Tanka

Experimentb

Pore

Fracture

0.114
2.92
0.013
0.003
0.004
0
0.640
0.53
0.36
10.5b

0.110
1.717
0.0003
—
—
0.0001
0.547
0.678
0.758
—

0.1
1.625
0.00157
0.0027
0.0005
0.0
0.302
1.224
0
9.0

0
0.000056
0.00088
0.0028
0.00195
0.000005
0.00006
0.005
0
7.0

Estimates from process inventories (Jones et al., 2001).
Serne et al. (2003a).

composition for equilibrium-imposed modiﬁcations (Allison et al., 1991). Ca2+ was added as a component with a
ﬁxed concentration of 0.0003 mol L1, although its concentration in tank wastes was negligible, based on the assumption that dissolved Na+ (present in tank wastes at almost
3 mol L1, Table 2) would displace sorbed Ca2+ from sediments and make it available for precipitation reactions.
The pH was set at 9.0. These approximations indicated that
PO42 would be completely removed from solution as
hydroxyapatite, Ca5(PO4)3(OH). The solution was also
predicted to be saturated with respect to calcite, but was
undersaturated with respect to sodium boltwoodite. The
composition of the solution occupying sediment pore space
was estimated as shown in Table 2, allowing for the removal of PO42 and approximately one half the original CO32,
and achieving charge balance by adjusting the non-reactive
component NO3. This compositional estimate was used
with the realization that it was reasonable but imprecise,
and that the composition of the downward-migrating,
reacting solution was additionally a function of space
and time.
The composition of the solution occupying microfractures prior to waste inﬁltration was estimating by ﬁrst ﬁxing the pH in the uncontaminated sediment, based on the
pH of water collected by ultracentrifugation (Serne et al.,
2002) and of pH measured in ground waters from feldspar-saturated volcanic terrains (Stefansson and Arnorsson, 2000), at pH 7, then using a chemical speciation
code to constrain dissolved components (Allison et al.,
1991). The microfracture composition (Table 2) was assumed in equilibrium with atmospheric CO2, amorphous
gibbsite (Al(OH)3), amorphous silica, albite, calcite, and
potassium feldspar, consistent with studies of feldspar
weathering and theoretical studies of weathering in granitic
terrains (Helgeson et al., 1969).
In the model, nine aqueous components were considered
to deﬁne the important reactants in the pore water–microfracture system. These included UO22+, Ca2+, Na+, K+,
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H4SiO4, CO32, NO3, Al(OH)3, and pH (Table 2). The
aqueous speciation of the components was constrained
after preliminary simulations using species compiled in
the MINTEQA2 (Allison et al., 1991) and GMIN (Felmy,
1995) thermodynamic databases. Only species that
contributed more than 5% to the total concentration of
any component were included in the calculations. Under
boundary and initial conditions, these included 16 species:
UO2CO30, UO2(CO2)22, UO2(CO3)34, UO2Ca2(CO3)30,
CO32, HCO3, H2CO30, H4SiO40, H3SiO4, Ca2+, Na+,
NO3, H+, K+, Al(OH)30, Al(OH)4.
Results of the model simulation are shown in Fig. 7. The
graphical representation provides distance in dimensionless
units, but computation of saturation indices and concentrations required that distances be speciﬁed. The fracture
length for those calculations was arbitrarily set at 1 mm,
similar to fracture lengths in actual granitic clasts
(Fig. 4). The evolution of the saturation index (SI =
log IAP/Ksp) for sodium boltwoodite is shown in Fig. 7a.
Under initial conditions, saturation was immediately
reached at the fracture opening as alkaline waste solutions
mixed by diﬀusion with neutral silica-rich solutions within
the fracture. As diﬀusion and reaction progressed, the zone
of high supersaturation migrated into the fracture, eventually reaching a steady state at near-saturation conditions
after long reaction time (>105 s). After 1000 s, the saturation index was near zero (equilibrium) at the fracture opening, but sodium boltwoodite was still supersaturated in the
fracture interior. At steady state (>105 s), sodium boltwoodite was at or below saturation at the fracture opening and
very slightly supersaturated in the fracture interior. Two
compositional proﬁles illustrate the evolution of the fracture interiors. After 1000 s (Fig. 7b), total silica deﬁned
an increasing concentration gradient away from the fracture opening, and total uranium and pH decreased toward
the interior. These gradients were the consequence of reaction within the fracture to precipitate sodium boltwoodite,
and of diﬀusion to distribute solute components along
them. The progression of supersaturation into the fracture
interior and the approach to an SI of 0 at the fracture opening was consistent with the observations of sodium boltwoodite within fractures but rarely at their openings;
saturation conditions rapidly evolved to favor precipitation
within the fractures. Dissolution of feldspar at the high
speciﬁed surface-area-to-volume rapidly replenished the
H4SiO4 consumed during precipitation (Eq. (4)), and feldspar dissolution and diﬀusion limitations acted to maintain
a pH within the fractures below that of the waste solution.
The lower pH and higher Si concentration toward the interior of the fractures maintained the saturation of uranyl silicates after initial rapid precipitation. At steady state
(Fig. 7c), alkaline pH and total uranium were approximately constant, and total silica deﬁned a shallow gradient toward the fracture interior. The extent of supersaturation
lessened with time as high-pH waste gradually dominated
the fractures’ aqueous composition and silica was
consumed through precipitation of Na-boltwoodite. At
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relative amount of precipitated solid became insigniﬁcant.
Within the simulations, the amount of sodium boltwoodite
precipitated over the eﬀective life of the reactive system
was dependent on values of the kinetic rate parameter,
k Eq. (7). Simulations with varying values of k showed
that higher k yielded more precipitation, but that the
precipitation rate decreased similarly as equilibrium was
approached. The drop in precipitation rate was the result,
according to the rate expression (Eq. (7)), of lower saturation index, and of the decrease in UO2(CO3)22 in favor of
UO2(CO3)34 with increasing pH. The fracture was thus
rapidly populated by clusters of sodium boltwoodite when
disequilibrium was maximal.
The integrated, time-dependent precipitation of sodium
boltwoodite at four points in a single hypothetical fracture
is illustrated in Fig. 8. Close to the grain surface (X/
L = 0.025, where X is the position within the fracture
and L is the length of the fracture, i.e., the distance is relative and dimensionless), the net accumulation of sodium
boltwoodite was small and relatively invariant over time.
Deeper, much more of the mineral accumulated, although
the rate of accumulation slowed with time. The release of
silica from mineral dissolution and the buﬀering of solution
pH promoted uranium deposition within the fracture.
Again, the model conformed to observation.
The preferential association of uranyl silicates with plagioclase feldspars in the plagioclase–quartz–potassium
feldspar assemblage may have been due to the conditions
within the microfractures during precipitation. The uranyl
and silica comprising the precipitated secondary phase
were replenished during uranyl silicate crystal growth. Uranyl was available through diﬀusion from intergranular pore
space, but silica was only rapidly available through the dissolution of fracture-lining silicate minerals. The dissolution
rates for albite and potassium feldspar are thought to be
similar and to operate through the same mechanism
(Helgeson et al., 1984; Oelkers and Schott, 1995), but

Fig. 7. Proﬁles of conditions within a fracture of 1 mm length.

steady-state conditions, the fracture interiors maintained a
positive saturation index (ca. 0.1–0.2); the fracture openings were undersaturated with respect to uranyl silicates
(SI < 0; Fig. 7), as would be the external pore water.
The broadening of the saturation index gradients (and
of the concentration proﬁles) as reaction proceeded was
in part the result of cross-current diﬀusion of dissolved species and of dilution of the reactive species. As steady-state
conditions were approached, the diﬀusive supply of uranyl
was balanced by the dissolution of feldspar to supply silica.
Also, as the saturation index overall decreased, the precipitation rate for sodium boltwoodite decreased and the

Fig. 8. Calculated sodium boltwoodite precipitation in a single microfracture. Distance within the fracture, X, is expressed also as a fractional,
non-dimensional unit, X/L.
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experimental data suggest that the dissolution rate for plagioclase is more rapid than that for potassium feldspar, and
is proportionally faster as the anorthite component increases (Oelkers and Schott, 1995; Stillings and Brantley, 1995).
After nucleation, the dissolution of plagioclase feldspar in
these sediments may thus have supplied silica at a rate that
favored the consumption of uranyl near plagioclase
surfaces.

described here, however, was one in which a restricted and
relatively isolated microscale chemical environment drove
geochemical processes that removed uranyl from porewaters whose chemistry was relatively unaﬀected. The driver
for this process was microscale diﬀusion, in contrast to
macroscopic advection. Geochemical processes operating
at microscale could be signiﬁcant and unrecognized drivers
of change in other natural environments as well.

5. Concluding statement
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The examination of sediment samples from beneath the
BX tank farm showed that uranium had been partially
extracted from the waste solution as the massive 1951 waste
plume migrated to the water table. Anecdotal information
and down-hole gamma monitoring of uranium-daughter
238
Pr indicated that the uranium migrated rapidly. The uranium formed sodium boltwoodite that precipitated preferentially in microfractures within granitic lithic fragments
occupying a small fraction of the total sediment volume.
As hypothesized, the segregation of uranyl was driven by
the compositional contrast between the migrating waste
solution and in situ solutions occupying the fractures. The
contrast was sustained by the rapid dissolution of fracture-lining silicate minerals in a physical environment that
allowed dissolved silica to be replenished and maintained
the pH at relatively low values where sodium boltwoodite
would be supersaturated. Uranyl was removed from the
pore space by diﬀusion into the microfractures. The occurrence of solid-phase uranium in fractures and not in pore
space may be due to the transient nature of the environment
that drove precipitation: the sediment desaturated due to
capillary forces in the Vadose Zone without reaching general, pore-space saturation with respect to the uranyl silicates.
The precipitated uranyl silicate is now immobile under the
geochemical and hydrologic regime in the Hanford Vadose
Zone, even though uranium often shows high subsurface
mobility at the Hanford site.
The physical and chemical form of the precipitate was a
natural consequence of anthropogenic changes to the subsurface environment. Responses to disequilibrium after
anthropogenic disturbances are usually more diﬃcult to
observe because the contrasts between most solid and
aqueous disequilibrium assemblages are not as marked as
they were here. The occurrence of sodium boltwoodite in
microfractures was comparable to its occurrence in natural
deposits. In the deposit at the Delta Mine, Utah, for example, encrustations of boltwoodite were observed with other
minerals immediately around oxidized uraninite, but boltwoodite was also observed as ﬁne acicular crystals in rock
fractures at some distance from the uraninite (Frondel and
Ito, 1956). The sodium boltwoodite in microfractures was
analogous to the macroscopic migration of uranyl-rich
solutions along a reacting ﬂowpath to a point where boltwoodite became supersaturated; the disequilibrium-driven
processes were the same. The process of uranyl silicate formation and the removal of uranyl from pore space that we
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